ABSTRACT. Quantitative trait locus (QTL) analyses of plasma cholesterol levels were carried out in three sets of F 2 mice that were formed in a 'round-robin' manner from C57BL/6J, KK (-A y ), and RR strains. Six QTLs were identified on chromosomes 1 (Cq1, Cq2, and Cq6), 3 (Cq3), and 9 (Cq4 and Cq5); of these, Cq2 colocalized with Cq6, and Cq4 colocalized with Cq5.
Quantitative trait locus (QTL) analyses of plasma cholesterol levels were performed in three sets of F 2 mice that were formed in a 'round-robin' manner from C57BL/6J, KK (-A y ), and RR strains [27, 29, 30] . Six QTLs were identified on chromosomes 1 (Cq1, Cq2, and Cq6), 3 (Cq3), and 9 (Cq4 and Cq5); of these, Cq2 (identified in C57BL/6J × KK-A y F 2 ) colocalized with Cq6 (identified in C57BL/6J × RR F 2 ), and Cq4 (identified in C57BL/6J × KK-A y F 2 ) colocalized with Cq5 (identified in KK × RR F 2 ).
Major candidate genes can be postulated for these QTLs; that is, sterol O-acyltransferase 1 (Soat1) for Cq1, apolipoprotein A-II (Apoa2) for Cq2 and Cq6, apolipoprotein A-I binding protein (Apoa1bp) for Cq3, and apolipoprotein A-I (Apoa1) and apolipoprotein A-IV (Apoa4) for Cq4 and Cq5. Cq2 and Cq6 have been located over the Apoa2 locus on distal chromosome 1, and Apoa2 gene polymorphism has been considered as a cause of Cq2 and Cq6 as well as of QTLs that have been mapped to distal chromosome 1 [10, 27, 30, 33] . Three different Apoa2 alleles are known to be present in inbred mouse strains ( Fig. 1) [5] . According to Higuchi et al. [5] , the Apoa2 allele from C57BL/6J is defined as Apoa2 a , and the alleles from KK and RR are defined as Apoa2 b . A third allele, Apoa2 c , was found in A/J and SM/J strains ( Fig. 1) . Of the three alleles, Apoa2 b is unique in the ability to increase cholesterol levels [30] . Indeed, it has been demonstrated that, when cholesterol QTLs are located over the gene for Apoa2 in F 2 mice, a combination of different Apoa2 alleles is present between strains [30, 33] . This is well exemplified in studies on C57BL/6J × C3H/HeJ alleles from BALB/cJ) had higher cholesterol levels than did C57BL/6J [19] ; congenic mice with Apoa2 b had higher cholesterol levels than did mice with Apoa2 c [31] ; and B6-Apoa2 b had higher cholesterol levels than did B6-Apoa2 a and B6-Apoa2 c , irrespective of dietary conditions [30] . On the contrary, cholesterol QTLs were not mapped to Apoa2 region in the absence of a combination of different Apoa2 alleles in the crosses analyzed, as seen in studies on a series of SM/J × A/J recombinant inbred strains (Apoa2
a , [32] ). Overall, Apoa2 b was very different from Apoa2 a and Apoa2 c in its ability to increase cholesterol levels, and it is possible that this was due to C-to-T substitution at nucleotide 182, which, in turn, resulted in Ala-to-Val substitution at amino acid residue 61 [30] .
On the other hand, Cq4 and Cq5 are located over the apolipoprotein gene cluster Apoa1-Apoc3-Apoa4-Apoa5 on proximal chromosome 9. These are reasonable candidate genes for Cq4 and Cq5, in the same way as is Apoa2. Because the physiologic roles of Apoc3 and Apoa5 are principally related to triglyceride metabolism [1, 7, 17, 20] , Apoa1 and Apoa4 are considered to be primary candidates for Cq4 and Cq5 [4, 21, 35, 36] . In particular, APOAI is the most abundant apolipoprotein in high-density lipoprotein (HDL) as well as APOAII [14, 18] . Although three different Apoa1 alleles were identified among C57BL/6J, KK, and RR, Apoa1 polymorphisms could not be correlated with the occurrence of QTLs in three F 2 analyses on the basis of nucleotide and amino acid sequences [30] . For that reason, Apoa4 is a next reasonable candidate for Cq4 and Cq5, because APOAIV is a constituent of HDL in rodents [18] .
The aims in this study were as follows: 
MATERIALS AND METHODS
Mouse strains and F 2 production: Inbred mouse strains BALB/cA, C57BL/6J, KK, and KK-A y were purchased from Clea Japan Inc. (Tokyo). Inbred mouse strains A/J, AKR/J, CAST/Ei, SJL/J, SPRET/Ei, TIRANO/Ei, and ZALENDE/ Ei were purchased from the Jackson Laboratory (Bar Harbor, ME). Inbred mouse strains CF1, DDD, NC, RR, and SS were bred and maintained at the National Institute of Agrobiological Sciences (NIAS, Tsukuba, Japan).
Three Apoa2 congenic strains, B6-Apoa2 a (=C57BL/6J), B6-Apoa2 b (Apoa2 b allele from KK strain), and B6-Apoa2 c (Apoa2 c allele from A/J strain) were established previously [30] , and were maintained at the NIAS. In this study,
a F 2 were produced and analyzed. The Apoa2 genotypes were judged on the basis of the D1Mit36 genotypes [30] .
Three sets of F 2 mice, C57BL/6J × KK-A y F 2 (n=190), KK × RR F 2 (n=145), and C57BL/6J × RR F 2 (n=187), were produced and analyzed previously [27, 29, 30] .
All mice were maintained throughout the experimental period under specific pathogen-free conditions, with a regular light cycle of 12 hr light/12 hr dark, with the temperature controlled at 22 ± 3°C, and a relative humidity of 50%. They had free access to the diet [rodent pellet chow, CE-2 (342.2 kcal/100 g, containing 4.4% crude fat), Clea Japan Inc.] and water.
Plasma cholesterol measurements: In C57BL/6J × KK-A y F 2 , plasma levels of total-and HDL-cholesterol were determined as previously described [27] . In KK × RR F 2 and C57BL/6J × RR F 2 , total-cholesterol levels were determined [29, 30] . At autopsy, after 24 hr fasting, blood was collected from the heart into microtubes with heparin as anticoagulant. Total-cholesterol was also determined in ♀B6-Apoa2 c × ♂ B6-Apoa2 a F 2 at 16 weeks of age after four hr fasting. Plasma was separated from whole blood by centrifuging the microtubes at 7,000 rpm for 5 min at 4°C. All plasma samples were stored at -70°C until use.
QTL analysis: Genomic DNA was prepared from the tails according to a standard procedure. Microsatellite sequence length polymorphism was detected by electrophoresis subsequent to polymerase chain reaction. Most microsatellite primers were purchased as MapPairs (Research Genetics, Huntsville, AL), whereas some were synthesized on the basis of information from Mouse Genome Informatics (MGI: http://www.jax.org). Amplification was carried out by use of a Takara PCR thermal cycler MP (TaKaRa Biomedicals, Tokyo) under the following conditions: 1 cycle at 94°C for 5 min; 35 cycles at 94°C for 30 s, 55°C for 1 min, and 72°C for 45 s; 1 cycle at 72°C for 7 min. All PCR products were electrophoresed on 10% polyacrylamide gels for 70 min and visualized by ethidium bromide staining.
Subsequent to the measurement of phenotypic variables and microsatellite genotyping, QTL analyses were done with the Mapmaker/Exp version 3.0b and Mapmaker/QTL version 1.1b programs [11] . The chromosomal region with a LOD score of more than 4.3 (threshold of statistical significance at α=0.05) was recognized as indicating significant linkage, and the region with a LOD score between 2.8 and 4.3 was recognized as showing suggestive linkage [12] . The α level for suggestive linkage implies the expectation that there will be one false positive in a genome-wide search. Lists of the microsatellite markers used were described previously [28] [29] [30] .
Apoa4 sequencing: Nucleotide sequences of Apoa4 cDNA were determined in C57BL/6J, KK, and RR. Briefly, total RNA was prepared from the small intestine (RNeasy, QIAGEN, MD). Reverse transcription was carried out by use of Takara AMV reverse transcriptase [Takara RNA PCR kit (AMV) Version 2.1, TaKaRa Biomedicals, Tokyo]. Nucleotide sequences were determined by direct sequencing of purified PCR products obtained as described below. The major part of the cDNA sequence was then amplified specifically with the following sets of oligonucleotide primers: 5'-TTCTGACTCCGGGAAACATC-3' and 5'-CCTCCAG-GTTCTGGTCGAT-3', and 5'-CTCCAGCTGACCCCAT-ACAT-3' and 5'-CAGAGGTTTGGGCTGCAC-3'. Nucleotide sequence corresponding to the 3'-end of Apoa4 was amplified on the basis of genomic DNA, with use of the following set of oligonucleotide primers: 5'-AGCTGGAA-CAGTTCAGACAGC-3' and 5'-AACCCGATGGGCTAA TTTCT-3'. This primer set was also used for estimating the numbers of Glu-Gln-Ala/Val-Gln repeats (found at the carboxyl end of APOA4) originating from 12 nucleotides insertions/deletions in several inbred strains (see below). c were analyzed here. Although male F 2 had significantly higher cholesterol levels than did females (P<1.7 × 10 -6 ), cholesterol levels were not significantly different from one another among possible three Apoa2 genotypes in both females and males (Table 1) . In order to increase the statistical power, cholesterol data from males and females were merged and analyzed. Trait variables from males and females were standardized to a mean 0 and a variance 1 by subtracting the gender-specific mean from each individual value and dividing each difference by the standard deviation of its respective gender. Again, cholesterol levels were not significantly different from one another among the three Apoa2 genotypes in 112 F 2 mice (Table 1) (P>0.5), and there was no significant statistical interaction between D1Mit36 and gender (P>0.6).
RESULTS

Apoa2
Comparison of Apoa4 nucleotide sequences among three strains: Three different Apoa4 alleles were identified among the three strains (Fig. 2) . The most striking difference among the three alleles was the number of insertions/deletions of 12 nucleotides encoding four Glu-Gln-Ala/Val-Gln repeats found in the 3'-region of the Apoa4 gene. C57BL/ 6J had four repeats, KK had three repeats, and RR had five repeats. Because these varied repeat numbers were distinguishable by electrophoresis of PCR products produced by a primer pair of 5'-AGCTGGAACAGTTCAGACAGC-3' and 5'-AACCCGATGGGCTAATTTCT-3' by use of genomic DNA as template (see Materials and Methods), repeat numbers were estimated in various mouse strains. All M. m. domesticus species, such as the A/J, AKR/J, BALB/cA, CF1, DDD, NC, RR, SJL/J, SS, TIRANO/Ei, and ZALENDE/Ei strains, had four repeats, and CAST/Ei (M. m. castaneus) had five and SPRET/Ei (M. spretus) had three repeats (data not shown). A silent base change was also identified among the three strains, that is, C-to-T substitution at nucleotide 771 (Fig. 2) , where the KK allele had T, and C57BL/6J and RR had C.
DISCUSSION
There is no physiologic difference between Apoa2
a and Apoa2 c : Our previous paper suggested that the Apoa2 b allele was unique in the ability to increase cholesterol levels, and there was no obvious difference between Apoa2 a and Apoa2 c on the basis of Apoa2 congenic study [30] . was not different from Apoa2 c in its ability to increase cholesterol levels in both females and males. The result was further confirmed in gender-merged analysis (n=112 F 2 mice). As seen in our previous study [27] , n=93 is sufficient number of F 2 mice to obtain genome-wide significant (P<5. (Fig. 1) . Thus, this substitution is not correlated with the occurrence of QTLs at the amino acid sequence level. By contrast, C-to-T substitution at nucleotide 182 results in Ala-to-Val substitution at amino acid residue 61. A recent study by Wang et al. [32] reported that Ala at residue 61 in Apoa2 a and Apoa2 c strains is conserved in wild-derived mouse strains, humans, chimpanzees, monkeys, horses, cattle, pigs, and rats, they concluded that Val at residue 61 is a mutation in mice with Apoa2 b . At any rate, either or both of two base substitutions are suggested to be qualified to serve as QTL.
There is a discrepancy between studies with regard to the physiologic change resulting from genetic variation of Apoa2 gene. Purcell-Huynh et al. [22] suggest that genetic variation of Apoa2 determines plasma APOAII levels (at the level of catabolism rather than synthesis) which then in turn influence HDL-cholesterol levels, whereas Machleder et al. [16] suggest that genetic variation of Apoa2 controls expression of Apoa2 gene. At the present time, I cannot judge which explanation is correct, because I did not determine plasma APOAII levels nor expression of the Apoa2 gene.
C-to-T substitution of the Apoa4 gene is completely correlated with the occurrence of QTLs on proximal chromosome 9:
Analogous to Apoa2, where a combination of different alleles is crucial for serving as QTL, it was suggested that the KK allele was different from the C57BL/6J and RR alleles. If both Cq4 and Cq5 are caused by the same gene, the C57BL/6J allele may be the same as the RR allele. According to a previous result [30] , Apoa1 sequence polymorphisms were identified among C57BL/6J, RR, and KK; B6-Apoa2 a males were crossed with B6-Apoa2 c females to produce F 1 , and then F 1 mice were intercrossed to produce F 2 . The Apoa2 genotypes were judged on the basis of the D1Mit36 genotypes (Suto et al. 2004) . Plasma cholesterol was determined in 16 weeks of age after four hr fasting. Gender-merged data are expressed as mean ± S.D. of standardized trait values.
however, the three strains had different alleles one another, and these polymorphisms could not be correlated with the occurrence of QTLs.
The above being the case, Apoa4 is a next reasonable candidate for Cq4 and Cq5, because APOAIV is a constituent of HDL in rodents [18] . Therefore, Apoa4 sequences were determined in the three strains (Fig. 2) . According to Reue and Leete [23] , three different Apoa4 alleles exist among mouse strains on the basis of the number of insertions/deletions of 12 nucleotides encoding four Glu-Gln-Ala/Val-Gln repeats found in the 3'-region of the Apoa4 gene; that is, M. spretus had three, laboratory strains (M. m. domesticus, as exemplified by C57BL/6J) had four, and M. m. castaneus had five repeats. Reue et al. [23] reported that all other laboratory strains which they examined had four repeats, with the exception of 129/J, which had three repeats. Apparently, repeat numbers in the RR and KK strains as well as 129/J were exceptional cases. It was also noteworthy that the RR strain had five repeat units, as did CAST/Ei. The RR strain is the only laboratory strain possessing five repeats.
The incidence of Apoa4 polymorphism resulting from 12 nucleotides insertions/ deletions is not limited to mice. This kind of Apoa4 polymorphism also occurs in human [8, 9, 13] . In particular, Kamboh et al. [9] reported the influence of deletion of four amino acids on lipid metabolism. As illustrated in Fig. 3A , the correlation between Apoa4 polymorphism (Glu-Gln-Ala/Val-Gln repeat number) and the occurrence of QTLs in three F 2 combinations were examined. Although it was possible to establish a correlation based on the assumption that three repeats (KK) were functionally different from four repeats (C57BL/6J) and five repeats (RR), this postulation was not based on a reasonable explanation. A silent base change was also identified among the three strains, that is, C-to-T substitution at nucleotide 771 (Fig. 2) , where the KK allele had T, and C57BL/ 6J and RR had C. As seen in Fig. 3A , there was a good correlation between the polymorphism and the occurrence of QTLs.
With regard to the F 2 combinations, relations similar to those in the present study were reported previously ( 3B). Mehrabian et al. [19] carried out a QTL analysis in C57BL/6J × CAST/Ei F 2 , and recently, Ishimori et al. [6] analyzed C57BL/6J × 129S1/SvImJ F 2 . More recently, Lyons et al. [15] analyzed 129S1/SvImJ × CAST/Ei F 2 . In these three sets of F 2 , cholesterol QTL was identified twice on proximal chromosome 9 (Fig. 3B) ; therefore, it is possible to consider that all these loci are caused by Apoa4 gene. As discussed above, there were no reasons to conclude that the presence of three repeats (129) was functionally different from that of four repeats (C57BL/6J) and five repeats (CAST/Ei), suggesting that the number of Glu-Gln-Ala/ValGln repeats is not responsible for QTLs, even if Apoa4 is cause of Cq4 and Cq5. This argument was further supported by the fact that QTL was not identified on chromosome 9 in backcross progeny between C57BL/6J (four repeats) and M. spretus (three repeats) [34] . Interestingly, the 129/J strain is known to have T at nucleotide 771, like the KK strain, and CAST/Ei is known to have C [23] . When this polymorphism was studied in relation to the occurrence of QTLs, there was again a good correlation between the polymorphism and the occurrence of QTLs. Therefore, it is possible to hypothesize that C-to-T substitution at nucleotide 771 of the Apoa4 gene is cause of several cholesterol QTLs identified on proximal chromosome 9, including Cq4 and Cq5. I consider that this kind of base substitution without amino acid change may cause QTL effect. In fact, it is known that protein level of alcohol dehydrogenase (ADH) in Drosophila melanogaster is a quantitative trait, and that the ADH level is controlled in part by one or more silent substitutions in the coding sequence of Adh gene, a major constituent of QTL effect [3, 26] . Since the ADH level is also controlled by length polymorphisms in an intron and in the 3' untranslated region (UTR) [26] , I cannot exclude a possibility that similar genetic variations in noncoding regulatory region and/or in UTR with veritable phenotypic effect also happen in the cases of Apoa2 and Apoa4. Even if it should be true, it is still possible that the abovementioned base substitutions in Apoa2 and Apoa4 genes are qualified as causes that constitute QTL effect. Reue et al. [24] reported that Apoa4 mRNA levels in liver are approximately 10-fold higher in 129/J than in C57BL/ 6J, and 129/J has a threefold higher APOA4 protein in the circulation. This is considered a consequence of faster mRNA synthesis and slower mRNA degradation in 129/J strain. Although there is no conclusive proof of marked difference in Apoa4 mRNA levels between KK and C57BL/6J, C-to-T substitution at nucleotide 771 may be related to these processes. Undoubtedly, it is also possible that neither Apoa2 nor Apoa4 is cause of cholesterol QTLs, and that the nucleotide substitutions described here are not related to the QTL effects. Nevertheless, I believe it is worthwhile to describe gene polymorphisms, as far as there was a good correlation between the polymorphism and the occurrence of QTLs, because this will make it possible to compel nucleotide and/ or amino acid substitutions that have nothing to do with QTL effect from candidate genes.
There is a benefit in performing QTL studies in a 'roundrobin' manner among multiple strains, because two QTLs colocalized with the present method are expected more likely to be at same locus. However, in case of Apoa1, where three different alleles are present, analyses of three strains are not always sufficient for judging the adequacy of a candidate as QTL gene. Therefore, once a candidate gene for QTL has been identified, analyses in further genetic crosses will be needed to allow us to conclude whether that is QTL gene or not. It is a time-consuming task to produce F 2 generations; however, genotyping is required for only a few markers adjacent to the putative QTL region.
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